Costimulatory/coinhibitory receptors on T cells, which are part of the adaptive immune system, are promising targets in cancer immunotherapy. One successful strategy for therapeutically targeting the inhibitory receptors is to prevent their interaction with their ligands by administering blocking antibodies such as ipilimumab, a checkpoint inhibitor that targets the inhibitory receptor cytotoxic T lymphocyte-associated antigen 4 ([@r1], [@r2]). Anti--CTLA-4 antibodies mediate antitumor activity by blocking inhibitory signals on effector T cells (Teffs), enhancing Teff proliferation, and altering the Teff/regulatory T cell (Treg) ratio ([@r3], [@r4]). We previously found that anti--CTLA-4 antibody depletes tumor-infiltrating Tregs in the mouse B16 melanoma model, which expresses granulocyte macrophage colony-stimulating factor (GM-CSF), representing another mechanism by which anti--CTLA-4 antibody has antitumor activity ([@r5]). Fcγ receptor IV on macrophages has been implicated in the anti--CTLA-4 antibody-mediated depletion of Tregs in this model.

Although checkpoint inhibitors such as anti--CTLA-4 antibody have been effective in treating some cancers, many patients either do not respond or develop resistance, and complete cures with single immunotherapy agents occur in a minority of patients. Therefore, anti--CTLA-4 antibody has been combined with various other drugs to enhance its antitumor efficacy ([@r6][@r7][@r8][@r9]--[@r10]). One intriguing prospect for improving efficacy is to combine checkpoint inhibitors such as anti--CTLA-4 antibody, which target the adaptive immune system, with drugs targeting the innate immune system, seeking to evoke an additive or even synergistic immune response against the cancer. In this vein, innate immune receptors such as Toll-like receptors (TLRs) have great promise in cancer immunotherapy. For example, the TLR9 ligand CpG has been shown to have an antitumor effect in different cancers ([@r11][@r12]--[@r13]). Similarly, TLR7 agonist has been shown to reduce tumor burden in many different cancers, and the TLR7 agonist imiquimod is a Food and Drug Administration-approved drug for basal cell carcinoma ([@r14][@r15][@r16][@r17]--[@r18]). Other TLR ligands, including TLR2 ligand, have also been shown to have antitumor effects ([@r19][@r20][@r21][@r22][@r23]--[@r24]); some of these TLR agonists are currently in clinical trials ([@r18]).

Recent studies have challenged the idea that TLR ligands have only an adjuvant antitumor effect by their ligation to TLRs on innate immune cells in the host. For example, TLR1/2-mediated intrinsic signaling in tumor-specific T cells has been shown to increase the antitumor effect of T cells in a B16 melanoma model ([@r23], [@r24]). In addition, some studies suggested a T cell--intrinsic effect of TLR ligands like TLR2 ligands in reversing the immunosuppressive function of CD4^+^CD25^+^ Tregs ([@r25], [@r26]). TLR activation also provides costimulatory signals that promote T cell function and has been shown to increase IFN-γ and interleukin-2 production in T cells ([@r23], [@r27][@r28][@r29]--[@r30]).

Considering that TLR-mediated signaling can reverse the immunosuppressive function of Tregs and affect the modulation of adaptive immune responses directly or through dendritic cells (DCs) and macrophages, we hypothesized that TLR ligand synergizes with anti--CTLA-4 antibody to reduce tumor burden and that this combination treatment results in both the innate and adaptive components of the immune system attacking the tumor. However, we surprisingly found that TLR1/2 ligand Pam3CSK4 enhances anti--CTLA-4-mediated tumor reduction through a unique mechanism; it increases FcγRIV expression on macrophages and thereby enhances depletion of Tregs.

Results {#s1}
=======

Pam3CSK4 Enhances the Antitumor Efficacy of Anti--CTLA-4 Antibody. {#s2}
------------------------------------------------------------------

In our initial approach to combine innate immune pathway modulation with anti--CTLA-4 treatment, we used heat-killed *Salmonella typhimurium* (HKST), which engages multiple TLRs, including TLR2, TLR4, and TLR5 ([@r31][@r32]--[@r33]), in combination with anti--CTLA-4 antibody. Mice were given an intradermal tumor challenge with B16/F10 and treated with anti--CTLA-4 antibody clone 9H10 with or without intratumoral injection of HKST ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). Anti--CTLA-4 antibody alone did not significantly reduce tumor growth, but anti--CTLA-4 antibody plus HKST reduced tumor burden and increased survival ([*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). We further treated B16/F10-challenged mice with the combination of anti--CTLA-4 plus Pam3CSK4, LPS, or Flagellin, which are ligands of TLR1/2, TLR4, and TLR5, respectively. The TLR1/2 ligand Pam3CSK4 most closely mimicked HKST's effects in reducing tumor burden and increasing survival in combination with anti--CTLA-4 ([*SI Appendix*, Fig. S1*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). To determine whether Pam3CSK4 can induce antitumor effects on its own or only in combination with anti--CTLA-4 antibody, B16/F10 tumor-challenged mice were injected with Pam3CSK4 intratumorally on different days with or without anti--CTLA-4 antibody. Compared with control mice given vehicle only, mice given Pam3CSK4 plus anti--CTLA-4 antibody, but not mice given Pam3CSK4 alone, had reduced tumor burden ([Fig. 1 *A* and *B*](#fig01){ref-type="fig"}) and increased survival ([Fig. 1*B*](#fig01){ref-type="fig"}). These results show that the antitumor effect of Pam3CSK4 plus anti--CTLA-4 combination is synergistic as Pam3CSK4 has no effects and anti--CTLA-4 has minimal effects as single agents on tumor burden and survival.

![Pam3CSK4 plus anti--CTLA-4 antibody enhances tumor rejection, increases survival, and produces immunological memory after B16/F10 tumor challenge. (*A*) Individual tumor growth, (*B*) average tumor growth (*Top*), and survival (*Bottom*) of mice in each treatment group. Mice were challenged with B16/F10 cells and given indicated treatments as described in [*Materials and Methods*](#s10){ref-type="sec"}. Data are representative of three or four independent experiments with 5--10 mice per group. (*C*) Mice that survived primary B16/F10 challenge and had been earlier treated with combination therapy were rechallenged with 1.5 × 10^6^ B16/F10 cells and left untreated. The black lines with squares represent the average tumor burden and survival of naive mice with no earlier tumor challenge or treatment, which served as a control. (*D*) Mice were challenged with B16/F10 cells on both flanks and were given indicated treatments as described in [*Materials and Methods*](#s10){ref-type="sec"}. Intratumoral injections of Pam3CSK4 or Vehicle were given only on right flank. Survival (*Top*) and average tumor growth (*Bottom*) of mice in each treatment groups were monitored. Data are cumulative of two independent experiments with five mice per group. Error bars represent the mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\*\**P* \< 0.0001 (Mantel--Cox test).](pnas.1819004116fig01){#fig01}

Due to the importance of immunological memory in immunotherapy, we sought to determine whether the combination treatment produces immunological memory in treated mice. We pooled combination-treated mice that survived primary tumor challenge and rechallenged them with a very high dose of the B16F/10 tumor without any further treatment. These mice completely cleared B16/F10 rechallenge and had 100% survival rate ([Fig. 1*C*](#fig01){ref-type="fig"}). To further confirm the systemic effects of combination therapy, we challenged mice bearing B16/F10 on both flanks and injected four doses of Pam3CSK4 into the right flank tumor in combination with i.p. injections of anti--CTLA-4 every 3 days beginning on day 3 after tumor challenge. We found that the combination of Pam3CSK4 and anti--CTLA-4 decreased tumor burden on distal tumor and significantly increased survival compared with single-agent treatment ([Fig. 1*D*](#fig01){ref-type="fig"}).

Pam3CSK4 Plus Anti--CTLA-4 Antibody Efficacy Depends on CD8 and CD4 T Cells. {#s3}
----------------------------------------------------------------------------

Both intratumoral CD8 and CD4 effector T cells have been shown to be involved with positive prognosis and improved disease-free survival in patients. To better understand the roles of these cell types in the therapeutic efficacy of Pam3CSK4 plus anti--CTLA-4 antibody, we performed tumor protection experiments with depleting antibodies or genetically deficient hosts. The therapeutic efficacy of Pam3CSK4 plus anti--CTLA-4 antibody was diminished in mice given CD8 T cell--depleting antibody ([Fig. 2*A*](#fig02){ref-type="fig"}). TLR2 is expressed by natural killer (NK) cells and B cells, which have been shown to be activated by TLR2 ligand to produce antitumor and antipathogen responses, respectively ([@r34][@r35]--[@r36]). Mice given NK cell- or B-cell--depleting antibodies did not have reduced combination treatment efficacy compared with mice not given these antibodies ([Fig. 2*A*](#fig02){ref-type="fig"}). Flow-cytometric analysis of peripheral blood from mice injected with depleting antibodies revealed that the antibodies were efficiently depleted their respective cell types ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). The therapeutic efficacy of the combination treatment was also diminished in mice lacking major histocompatibility complex class II molecules ([Fig. 2*B*](#fig02){ref-type="fig"}). These mice are devoid of CD4 T cells. Together, these results suggest that the efficacy of the combination treatment depends on CD8 and CD4 T cells, but not NK or B cells.

![Therapeutic efficacy of Pam3CSK4 plus anti--CTLA-4 antibody depends on CD4 and CD8 T cells in primary challenge and on CD8 T cells in rechallenge. (*A*) Average tumor growth (*Top*) and survival (*Bottom*) of mice that were challenged with B16/F10 cells and given the combination treatment and were also injected with anti-CD8 antibody (clone 2.4.3) for CD8 T cell depletion or anti-NK1.1 antibody (clone PK136) for NK cell depletion or anti-CD20 antibody (5D2) for B-cell depletion or were left untreated. Data are representative of two or three independent experiments with five to eight mice per group. (*B*) Average tumor growth (*Top*) and survival (*Bottom*) of MHC II KO mice and WT mice, which were challenged with B16/F10 cells and given combination therapy treatment. (*C*) Previously combination therapy-treated mice that survived primary B16/F10 challenge were either injected with anti-CD8 antibody (clone 2.4.3) for CD8 T cell depletion or left untreated. These mice were rechallenged with 1.5 × 10^6^ B16/F10 cells, and tumor burden and survival of mice were monitored. Data are representative of two or three independent experiments with 5--10 mice per group. Error bars represent the mean ± SEM. \*\**P* \< 0.01 and \*\*\**P* \< 0.001 (Mantel--Cox test).](pnas.1819004116fig02){#fig02}

We treated surviving mice from primary tumor challenge with CD8 T cell--depleting antibody or left them untreated before rechallenging with a high dose of B16F/10 tumor. Previously treated mice that were given CD8 T cell--depleting antibody were unable to clear tumor rechallenge and had 100% death rate ([Fig. 2*C*](#fig02){ref-type="fig"}). This suggested that CD8 T cells are indispensable for the immunological memory mediated protection in tumor-rechallenged mice.

Pam3CSK4 Plus Anti--CTLA-4 Antibody Enhances the Proinflammatory Function and Increases Granzyme B Expression of Antitumor Teffs. {#s4}
---------------------------------------------------------------------------------------------------------------------------------

We next assessed the functional effect of combination treatment on tumor-infiltrating lymphocytes (TILs) and resident T cells in tumor-draining lymph nodes. To obtain enough TILs for the experiment, we delayed treatment; mice given a tumor challenge with B16/F10 received treatment on days 9 and 12. Two days after the last treatment, cells from tumors and tumor-draining lymph nodes were briefly restimulated ex vivo with B16/F10 antigen-loaded DCs and then analyzed for cytokine production from T cells. Tumor-infiltrating CD8 T cells and CD4 Teffs from mice given the combination treatment had an increased frequency of IFN-γ producers compared with single treatment groups ([Fig. 3*A*](#fig03){ref-type="fig"}). The frequencies of IFN-γ--producing CD8 T cells and CD4 Teffs in the tumor-draining lymph nodes of mice were negligible in all treatment groups ([Fig. 3*B*](#fig03){ref-type="fig"}). TILs and T cells from tumor-draining lymph nodes were also activated with leukocyte activation mixture (BD Biosciences) containing phorbol myristate acetate (PMA)/ionomycin and, similar to activation with the B16/F10 antigen-loaded DCs, the frequencies of IFN-γ--producing CD8 T cells and CD4 Teffs in tumors were higher in the combination treatment group than in the single treatment groups ([*SI Appendix*, Fig. S3 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). On the other hand, frequencies of IFN-γ--producing CD8 T cells and CD4 Teffs in the tumor-draining lymph nodes of mice given the combination treatment were not significantly different from those in the tumor-draining lymph nodes of mice given anti--CTLA-4 antibody alone ([*SI Appendix*, Fig. S3 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). These data suggest that Pam3CSK4 plus anti--CTLA-4 antibody enhances the functions of only tumor-infiltrating CD8 T cells and CD4 Teffs but not draining lymph node resident T cells.

![Enhanced proinflammatory cytokine production and granzyme B expression in TILs by combination of Pam3CSK4 and CTLA-4 blockade. Mice were challenged with B16/F10 cells and given indicated treatments; tumors and dLNs cells were harvested, activated ex vivo with B16/F10 antigen-loaded DCs, and stained with indicated antibodies as described in [*Materials and Methods*](#s10){ref-type="sec"}. (*A*) Representative flow cytometry plots and bar graphs of IFN-γ in CD8 T cells and CD4 Teff cells from TILs. Bar graphs show the cumulative frequencies of IFN-γ producers among tumor-infiltrating CD8 T cells and CD4 Teff from two of three independent experiments with five mice per group. (*B*) Bar graphs show the cumulative frequencies of IFN-γ producers among CD8 T cells and CD4 Teff in draining lymph nodes from two of three independent experiments with five mice per group. (*C*) Representative histogram plots (*Top*) and mean fluorescence intensity (MFI) plots (*Bottom*) of granzyme B staining of tumor-infiltrating CD8 T cells and CD4 Teffs. Data are representative of three or four experiments with five mice per group. (*D*) Cumulative frequencies of granzyme B^+^ CD8 T cells and granzyme B^+^ CD4 Teffs from two of three or four independent experiments with five mice per group. (*E*) Representative histogram plots (*Top*) and mean fluorescence intensity plot (*Bottom*) of granzyme B staining of draining lymph nodes' CD8 T cells and CD4 Teffs. Data are representative of three or four experiments with five mice per group. (*F*) Frequencies of granzyme B^+^ CD8 T cells and CD4 Teffs among CD8 T cells and CD4 Teffs in draining lymph nodes. Data are representative of three or four experiments with five mice per group. Error bars represent the mean ± SD; ns, not significant; \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001 (Student's *t* test).](pnas.1819004116fig03){#fig03}

Compared with anti--CTLA-4 antibody alone, the combination treatment increased expression of granzyme B protein in both CD8 T cells and CD4 Teffs and increased the frequency of granzyme B-producing CD8 and CD4 Teffs in tumor ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"}). Interestingly, the expression of granzyme B in CD8 and CD4 Teffs in tumor-draining lymph nodes and the frequencies of granzyme B-expressing CD8 and CD4 Teffs in the draining lymph nodes of mice given the combination treatment were not significantly different from those in the draining lymph nodes of mice given anti--CTLA-4 antibody alone ([Fig. 3 *E* and *F*](#fig03){ref-type="fig"}). Again, these results suggest that the functional effect of the combination treatment was limited to the tumor microenvironment.

Combination of Pam3CSK4 Plus Anti--CTLA-4 Antibody Enhances Treg Depletion and Increases CD8 T Cell/Treg and CD4 Teff/Treg Ratios Within the Tumor. {#s5}
---------------------------------------------------------------------------------------------------------------------------------------------------

As mentioned earlier, to obtain enough TILs to study the mechanism of the efficacy of combination treatment, we delayed treatment to days 9 and 12 after the tumor challenge. Even after delayed treatment, the tumors from mice given the combination treatment weighed significantly less than those from mice treated with anti--CTLA-4 antibody alone ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). Furthermore, combination treatment was effective in reducing tumor burden and increasing survival compared with single treatments even if treatment was delayed and started at day 9 ([*SI Appendix*, Fig. S4 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). To understand the effect of the combination therapy on the TIL population, we analyzed the frequency and density of each T cell subset within the tumor. The density of each subset was measured as the number of TILs per gram of tumor. The numbers of CD3 T cells and their percentage of the total CD45^+^ population within tumor from mice given the combination treatment were significantly higher than those from mice given anti--CTLA-4 antibody alone ([Fig. 4*A*](#fig04){ref-type="fig"}). The number of tumor CD8 T cells and their percentage of the total T cells from mice given the combination treatment were also higher than those from mice given anti--CTLA-4 antibody alone ([Fig. 4*B*](#fig04){ref-type="fig"}). However, the percentages, but not the absolute numbers, of tumor CD4 T cells from mice given the combination treatment were smaller than those from mice given anti--CTLA-4 antibody alone ([Fig. 4*C*](#fig04){ref-type="fig"}). Despite its lack of effect on the density of tumor CD4 T cells compared with anti--CTLA-4 alone, the combination therapy increased the number of CD4 Teffs (CD4^+^FoxP3^−^ T cells) per gram of tumor and also increased the percentages of Teffs ([Fig. 4*D*](#fig04){ref-type="fig"}). We also analyzed intratumoral CD4Teff/Treg and CD8 T cells/Treg ratios because these ratios are predictive of therapeutic efficacy in the B16 melanoma model ([@r4]). We found that the CD4Teff/Treg ratios and CD8 T cells/Treg ratios from mice given the combination treatment were significantly higher than those from mice given anti--CTLA-4 antibody alone ([Fig. 4*E*](#fig04){ref-type="fig"}).

![Combination of Pam3CSK4 and CTLA-4 blockade enriches CD8 T cells, depletes Treg, and increases the CD8/Treg and CD4 Teff/Treg ratios in tumor microenvironment. Mice were challenged with B16/F10 cells and were given indicated treatments; cells from tumors were harvested and stained with indicated antibodies as described in [*Materials and Methods*](#s10){ref-type="sec"}. (*A*--*D*) (*Top*) Cumulative frequencies of CD3 T cells as percentages of CD45^+^ cells (*A*), CD8 T cells as percentages of CD3^+^ T cells (*B*), CD4 T cells as percentages of CD3^+^ T cells (*C*), CD4 Teffs as percentages of CD4 T cells (*D*), and (*Bottom*) these cell types' respective densities as the cumulative absolute numbers of the cells per gram of tumor from two to three of four independent experiments. (*E*) Intratumoral CD8/Treg and CD4 Teff/Treg ratios on day 14 in each group. (*F*, *Top*) Cumulative frequencies of CD4^+^FoxP3^+^ Tregs as the percentages of CD4 T cell from two to three of four independent experiments. (*F*, *Bottom*) Density of CD4^+^Foxp3^+^ Tregs as a cumulative absolute number of cells per gram of tumor from two of four independent experiments. Error bars represent the mean ± SD; ns, not significant; \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, and \*\*\*\**P* \< 0.0001 (Student's *t* test).](pnas.1819004116fig04){#fig04}

These findings that Pam3CSK4 plus anti--CTLA-4 antibody had no effect on the total number of intratumoral CD4 T cells despite increasing the population of CD4 Teffs compared with anti--CTLA-4 antibody alone raised the possibility that the combination treatment leads to an enhanced elimination of Tregs within tumors. Investigating this possibility, we found that mice given the combination treatment had significantly lower density of intratumoral Tregs than mice given anti--CTLA-4 antibody alone ([Fig. 4*F*](#fig04){ref-type="fig"}). The frequencies of Tregs within the CD4 T cell population were also reduced in mice given the combination treatment ([Fig. 4*F*](#fig04){ref-type="fig"}). Again, the percentages of different subsets of T cells including Tregs in draining lymph nodes did not differ significantly between different treatment groups, which suggests that the combination treatment's effect was tumor specific ([*SI Appendix*, Fig. S5 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). Because Treg depletion is one of the mechanisms underlying the antitumor activity of anti--CTLA-4 antibody in some tumor models ([@r5], [@r37]), the finding that TLR1/2 stimulation enhanced anti--CTLA-4-mediated Treg depletion in the combination treatment group is quite interesting.

Enhanced Treg Depletion by Pam3CSK4 Plus Anti--CTLA-4 Antibody Is Dependent upon FcγRIV Expression. {#s6}
---------------------------------------------------------------------------------------------------

We analyzed mRNA extracted from tumors from mice treated with combination therapy of anti-CTLA-4 plus Pam3CSK4 and from mice given single anti-CTLA-4 treatment as reference by nanostring and Ingenuity Pathway Analysis (IPA). A number of genes was differentially up-regulated in the combination treatment group compared with single anti-CTLA-4 treatment group ([Fig. 5*A*](#fig05){ref-type="fig"} and [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). [*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental) shows the 20 genes with most log2-fold change in the combination treatment group compared with the single antibody treatment group. Many of these genes are expressed in macrophages, and up-regulation of some of these genes or proteins is associated with antitumor phenotype. Functional analysis of the differentially expressed genes in the combination treatment group using IPA showed macrophage-related pathways among the top hit pathways ([Fig. 5*B*](#fig05){ref-type="fig"}). One of the genes up-regulated in the combination treatment group is Fcgr4, which we found interesting as we earlier showed that one of the mechanisms for Treg depletion by anti--CTLA-4 in some models is through FcγRIV-mediated antibody-dependent cell-mediated cytotoxicity (ADCC) by macrophages ([@r5]). Considering that we see increased depletion of Tregs in the combination treatment group compared with the single antibody treatment group, we further looked at the expression of FcγRIV by flow cytometry. Interestingly, compared with anti--CTLA-4 antibody alone, the combination treatment of anti-CTLA-4 plus Pam3CSK4 as well as Pam3CSK4 alone increased expression of FcγRIV on tumor-associated macrophages (TAMs) ([Fig. 6*A*](#fig06){ref-type="fig"}) but not on draining lymph node resident macrophages ([*SI Appendix*, Fig. S5*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)).

![Differential expression of macrophage-specific genes and pathway in combination treatment compared with anti-CTLA-4 antibody control. (*A*) Differential gene expression profiling was performed by Nanostring analysis. Volcano plot was made in Prism and illustrates the log2-fold change in gene expression (anti-CTLA-4+Pam3CSK4 vs. anti-CTLA-4) on the *x* axis and *P* values on the *y* axis. Top 20 up-regulated genes are colored red, and down-regulated genes are in blue. (*B*) Graph shows category scores and 10 most up-regulated pathways, which were determined by IPA "Core analysis." Ratio refers to the number of molecules from the dataset that map to the pathways listed divided by the total number of molecules that define the canonical pathway from within the IPA knowledgebase. Threshold (dotted line) is set at 1.3 and indicates the minimum significance level, which is scored as −log(*P* value) from Fisher's exact test.](pnas.1819004116fig05){#fig05}

![FcγRIV is essential for the efficacy of Pam3CSK4 plus anti--CTLA-4 antibody and its expression on macrophages is enhanced by Pam3CSK4. (*A*) Representative flow histogram plot (*Top*) and mean fluorescence intensity bar graph (*Bottom*) of FcγRIV expression on CD11b^+^GR1^−^F-4/80^+^ TAMs from B16/F10-challenged mice given treatments as indicated. Data are representative of three or four independent experiments with four or five mice per group. Error bars represent the mean ± SD. (*B*) Average tumor growth (*Top*) and survival (*Bottom*) of mice in WT or FcγRIV KO hosts that were challenged with B16/F10 cells and were given combination therapy treatments. Data are representative of two or three independent experiments with five to eight mice per group. Error bars represent the mean ± SEM. \*\**P* \< 0.01 (Mantel--Cox test). (*C* and *D*) WT and FcγRIV KO mice were challenged with B16/F10 cells and were given indicated treatments; cells from tumors were harvested and stained as described in [*Materials and Methods*](#s10){ref-type="sec"}. (*C*) Representative flow cytometry plots and frequencies of CD4^+^FoxP3^+^ Tregs and CD4^+^FoxP3^−^ CD4Teff as the percentages of CD4 T cells (*D*) CD8 T cells, CD4 Teff, and GzB^+^ CD8 T cells to Treg ratio. Data are cumulative of two experiments of three independent experiments with four to five mice per group. (*E*) Mice were challenged with B16/F10 cells and were given indicated treatments, tumors were harvested, activated ex vivo with BD leukocyte activation mixture, and stained with indicated antibodies as described in [*Materials and Methods*](#s10){ref-type="sec"}. Representative flow cytometry plots and cumulative frequencies of IFN-γ producers among tumor-infiltrating CD8 T cells from two of three independent experiments with four to five mice per group. Error bars represent the mean ± SD. (*F*) Average tumor growth (*Top*) and survival (*Bottom*) of mice challenged with B16/F10 cells and given indicated treatments. Error bars represent the mean ± SEM. \*\**P* \< 0.01 is significance between anti--CTLA-4 (9H10)-plus-Pam3CSK4 vs. vehicle control group, whereas ns is not significant and measured between anti--CTLA-4 (4F10)-plus-vehicle vs. anti--CTLA-4 (4F10)-plus-Pam3CSK4 group (Mantel--Cox test). (*G*) Mice were challenged with B16/F10 cells and given treatments as indicated; cells from tumors were harvested and stained with indicated antibodies as described in [*Materials and Methods*](#s10){ref-type="sec"}. Cumulative frequencies of CD4^+^Foxp3^+^ Tregs, CD4^+^Foxp3^−^ Teff cells and CD8^+^GzB^+^ T cells from two of three independent experiments with three to five mice per group. (*H*) Mice were challenged with 6 × 10^5^ B16/F10 cells and were given two doses of treatments as indicated on day 9 and 12 after tumor challenge. Cells from tumors were harvested at day 14 after tumor challenge, activated ex vivo with B16/F10 antigen-loaded DCs, and stained with indicated antibodies as described in [*Materials and Methods*](#s10){ref-type="sec"}. Scatter dot plots show cumulative frequencies of IFN-γ producers among tumor-infiltrating CD8T cells (*Top*) and CD4 Teffs cells (*Bottom*) from two of three experiments with three to five mice per group. Error bars represent the mean ± SD; ns, not significant; \*\**P* \< 0.01 and \*\*\**P* \< 0.001 (Student's *t* test).](pnas.1819004116fig06){#fig06}

We further analyzed the role of FcγRIV expression in combination treatment efficacy using FcγRIV knockout (KO) mice. The antitumor effects of anti-CTLA-4 plus Pam3CSK4 combination treatment were considerably diminished in the absence of FcγRIV expression in mice, further confirming role of FcγRIV in combination treatment efficacy ([Fig. 6*B*](#fig06){ref-type="fig"}). The anti--CTLA-4 plus Pam3CSK4 treatment-induced decrease in regulatory T cell frequencies that we observed in wild-type (WT) mice did not occur in FcγRIV KO mice ([Fig. 6*C*](#fig06){ref-type="fig"}). The increase in CD8 T cells to Treg ratio and CD4 Teff to Treg ratio as well as GzB^+^CD8T cells to Treg ratio in combination treatment observed in WT mice was also significantly reduced in FcγRIV KO mice ([Fig. 6*D*](#fig06){ref-type="fig"}). We evaluated the efficacy of combination treatment to induce IFN-γ secretion from CD8 T cells in FcγRIV KO mice by ex vivo activation of TILs with BD leukocyte activation mixture containing PMA/ionomycin. The combination treatment did not increase IFN-γ secretion from CD8 T cells in FcγRIV KO mice ([Fig. 6*E*](#fig06){ref-type="fig"}).

We showed earlier by using surface plasmon resonance analysis that unlike the 9H10 clone of anti--CTLA-4, which is a Syrian hamster IgG2b, the Armenian hamster IgG1 clone 4F10 of anti--CTLA-4 does not show any appreciable binding to FcγRIV ([@r5]). Therefore, to confirm the importance of FcγRIV-mediated Treg depletion in Pam3CSK4 plus anti--CTLA-4 antibody (9H10 clone) combination therapy efficacy, we treated tumor-bearing mice with Pam3CSK4 plus 4F10. We found that Pam3CSK4 did not enhance efficacy of 4F10 in decreasing tumor burden or in increasing survival rate of mice against B16/F10 tumor challenge ([Fig. 6*F*](#fig06){ref-type="fig"}). We also found that the frequencies of Treg, CD4 Teff, and GzB^+^CD8 T cell population in mice treated with combination of 4F10 plus Pam3CSK4 after B16/F10 challenge were not significantly different from 4F10 single treatment ([Fig. 6*G*](#fig06){ref-type="fig"}). We also found that 4F10 plus Pam3CSK4 combination treatment did not enhance frequencies of IFN-γ^+^CD8^+^ T cells and IFN-γ^+^ CD4 Teffs compared with 4F10 single treatment ([Fig. 6*H*](#fig06){ref-type="fig"}). These experiments provided additional support for the model that FcγRIV has a significant role in anti--CTLA-4 antibody (9H10) plus Pam3CSK4 combination treatment efficacy.

FcγRIV does not exist in humans, although FcγRIIIA can be considered a human functional homolog to mouse FcγRIV. Furthermore, in contrast to 9H10, which is a Syrian hamster IgG2b, ipilimumab is a fully human IgG1 antibody and interacts with human FcγRIIIA. Also, ipilimumab does not appear to deplete FoxP3^+^ regulatory T cells (Tregs) in human cancers ([@r38]). However, ipilimumab has been shown to mediate ex vivo ADCC of Tregs by monocytes through FcγRIIIA, and Arce Vargas et al. ([@r39], [@r40]) in humanized mouse model showed that the activity of human anti--CTLA-4 depends at least partially on depletion of Tregs. Therefore, we wanted to know whether expression levels of FcγRIII can also be modulated by Pam3CSK4 on human CD11b^+^ cells. We activated healthy human PBMCs with Pam3CSK4 in vitro and analyzed expression of FcγRIII by flow cytometry. We found that Pam3CSK4 increased FcγRIII expression on human CD11b^+^ cells ([*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)).

Macrophages Are Essential for the Efficacy of Combination Therapy of Pam3CSK4 Plus Anti--CTLA-4 Antibody. {#s7}
---------------------------------------------------------------------------------------------------------

Compared with anti--CTLA-4 antibody alone, the combination treatment increased not only expression of FcγRIV on macrophages but also the density of macrophages in the tumor microenvironment ([Fig. 7*A*](#fig07){ref-type="fig"}). To assess the role of macrophages in the efficacy of the combination treatment, mice were challenged with B16/F10 and were also injected with clodronate liposomes to deplete macrophages. The efficacy of the combination treatment in decreasing tumor burden and increasing survival rate was diminished in macrophage-depleted mice ([Fig. 7*B*](#fig07){ref-type="fig"}). The other cell type that expresses FcγRs are NK cells; mice depleted of NK cells show no defect in combination treatment efficacy ([Fig. 2*A*](#fig02){ref-type="fig"}).

![Pam3CSK4 plus anti--CTLA-4 antibody efficacy is dependent upon macrophages. (*A*) Mice were challenged with B16/F10 cells and given treatments; cells from tumors were harvested and stained with antibodies. Macrophage density as a cumulative absolute number of CD11b^+^GR1^−^F-4/80^+^ cells per gram of tumor from three or four independent experiments with four to five mice per group. (*B*) Average tumor growth (*Top*) and survival (*Bottom*) of mice given combination treatment after B16/F10 challenge and that did or did not receive clodronate liposomes for macrophage depletion. Error bars represent the mean ± SD. \*\**P* \< 0.01 (Mantel--Cox test). (*C*) Representative dot plots and cumulative frequencies of M1 macrophages. Cumulative frequencies of M1 macrophages from three independent experiments were calculated as the percentages of CD11b^+^GR1^−^F-4/80^+^ macrophages. (*D*) M1 macrophage density as a cumulative absolute number of cells per gram of tumor from three independent experiments with four to five mice per group. (*E*) Average survival of MyD88^Flox/Flox^ CD4Cre^+^ and (*F*) MyD88^Flox/Flox^ CD11bCre^+^ mice, which were challenged with B16/F10 cells and given combination therapy treatment. Data are representative of two experiments with four to five animals per group. ns, not significant; \*\*\**P* \< 0.001 (Mantel--Cox test). (*G*) Cumulative frequencies of CD11b^−^Gr-1^−^F-4/80^−^CD11c^+^ cells of live CD45^+^ cells and mean fluorescence intensity (MFI) of CD86 and CD80 from two independent experiments with three to five mice per group. Mice were challenged with 6 × 10^5^ B16/F10 cells and were given two doses of treatments as indicated on day 9 and 12 after tumor challenge. Cells from tumors were harvested at day 14 after tumor challenge and stained with indicated antibodies as described in [*Materials and Methods*](#s10){ref-type="sec"}. Error bars represent the mean ± SEM; ns, not significant; \*\**P* \< 0.01 and \*\*\**P* \< 0.001 (Student's *t* test).](pnas.1819004116fig07){#fig07}

Macrophages can be assigned M1 or M2 phenotype depending upon expression of certain receptors and their proinflammatory or antiinflammatory functions ([@r41]). M1 macrophages are considered to have a protective role against tumors, whereas M2 macrophages have protumor effects. As TLR ligands can tip the M1--M2 balance toward M1 macrophages, we assessed the phenotypes of macrophages in the tumor microenvironment in mice given different treatments. Inducible nitric oxide synthase (iNOS) is one of the signature molecules expressed by M1 macrophages and is important for its antitumor function; therefore, we considered CD11b^+^GR1^−^F-4/80^+^MHCII^+^iNOS^+^ macrophages as M1 macrophages for our assessment. Our data show an increase in frequency and total numbers of M1 macrophages in combination-treated mice. ([Fig. 7 *C* and *D*](#fig07){ref-type="fig"}). We did not see such increase in M1 macrophage frequency or number with TLR1/2 ligand Pam3CSK4 alone. As IFN-γ is known to skew macrophages to M1 phenotype, this could be a result of increased IFN-γ secretion by T cells in combination treatment compared with other single treatments ([Fig. 3*A*](#fig03){ref-type="fig"}). M1 skewing in combination treated tumor microenvironment could also be an effect of loss of Treg cells as some studies suggest that Treg cells can control numbers of inflammatory monocytes either by preventing their recruitment and/or differentiating monocytes toward M2 macrophages ([@r42], [@r43]).

TLRs have been shown to directly costimulate T cell functions and modulate the immunosuppressive functions of Tregs ([@r26], [@r28]). To determine whether the TLR1/2 ligand directly affects T cells in mice given the combination treatment, we assessed tumor burden and survival with MyD88^Flox/Flox^ CD4 Cre^+^ mice, which do not have MyD88, an adaptor molecule involved in downstream TLR signaling in T cells. The absence of MyD88 in T cells did not significantly affect the efficacy of the combination treatment against B16/F10 tumor challenge ([Fig. 7*E*](#fig07){ref-type="fig"}). We also did an experiment with MyD88^Flox/Flox^ CD11bCre^+^ mice as macrophages express CD11b; we expected to have no MyD88 signaling in macrophages in these mice. The combination treatment was completely ineffective in these mice ([Fig. 7*F*](#fig07){ref-type="fig"}). We analyzed intratumoral Treg frequencies in MyD88^Flox/Flox^ CD11bCre^+^ mice challenged with B16F10 and treated with combination treatment; our results suggest that combination treatment was ineffective in decreasing intratumoral Treg frequencies in MyD88^Flox/Flox^ CD11bCre^+^ mice compared with vehicle-injected control mice ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). These results confirm an important role of CD11b^+^ cells and hence macrophages in combination treatment efficacy. We assessed the role of DCs in the efficacy of combination treatment by analyzing frequencies and activation of CD11c^+^ DCs. We found no difference in frequencies of CD11c^+^ DCs or expression of activation markers like CD80 and CD86 between single anti--CTLA-4 and combination treatment groups ([Fig. 7*G*](#fig07){ref-type="fig"}), suggesting that DCs do not play major role in combination treatment efficacy in our model.

Pam3CSK4 Plus Anti--CTLA-4 Antibody Has Protection Efficacy in Multiple Tumor Models. {#s8}
-------------------------------------------------------------------------------------

To determine whether the combination of Pam3CSK4 plus anti--CTLA-4 antibody has efficacy in multiple tumor models, we used the mT5 mouse model of pancreatic cancer ([@r44]). As in the B16/F10 tumor model, Pam3CSK4 plus anti--CTLA-4 antibody reduced tumor volume and provided a statistically significant survival benefit ([Fig. 8](#fig08){ref-type="fig"} and [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). Treatment with anti--CTLA-4 antibody or Pam3CSK4 alone had no significant effect on tumor reduction or survival. These results suggest that the combination treatment is also effective in the treatment of mT5, which does not respond to anti--CTLA-4 therapy alone. We observed that mice given the combination treatment had significantly lower frequencies of intratumoral Tregs than mice given anti--CTLA-4 antibody alone ([*SI Appendix*, Fig. S9*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). The density of Tregs was also reduced in mice given the combination treatment ([*SI Appendix*, Fig. S9*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). We also found that the CD4Teff/Treg ratios from mice given the combination treatment were significantly higher than those from mice given anti--CTLA-4 antibody alone ([*SI Appendix*, Fig. S9*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). This further confirms that combination treatment enhances antitumor efficacy by increasing depletion of intratumoral regulatory T cell population. This mechanism is not specific to one tumor model.

![Pam3CSK4 plus anti--CTLA-4 antibody has therapeutic efficacy against mouse pancreatic tumor model. Survival of mice in each treatment group. Mice were challenged with 1 × 10^5^ mT5 cells and were given indicated treatments. Data are cumulative of three independent experiments with five to seven mice per group. \**P* \< 0.05 is significance between anti--CTLA-4-plus-vehicle vs. anti--CTLA-4-plus-Pam3CSK4 group, whereas \*\*\*\**P* \< 0.0001 is significance between vehicle control vs. anti--CTLA-4-plus-Pam3CSK4 group (Mantel--Cox test).](pnas.1819004116fig08){#fig08}

Discussion {#s9}
==========

Our findings indicate that the TLR1/2 ligand Pam3CSK4 enhances the antitumor efficacy of anti--CTLA-4 antibody. They also indicate a unique mechanism by which Pam3CSK4 enhances FcγRIV expression on macrophages, which plays a role in mediating the effects of the combination treatment by supporting ADCC-mediated depletion of Tregs coated with anti--CTLA-4 antibodies. These findings have major implications for cancer immunotherapy, as recent studies have demonstrated the importance of Fc receptors in the anticancer efficacy of various checkpoint inhibitors ([@r5], [@r37], [@r45][@r46]--[@r47]).

While we previously showed that antibodies to CTLA-4 enhance tumor cell killing by a T effector cell-intrinsic mechanism ([@r48]), the findings of the present study are consistent with those of our earlier studies in a mouse model of B16 melanoma expressing GM-CSF, which showed that Treg depletion is an additional mechanism by which anti--CTLA-4 antibody has antitumor function. They also agree with our earlier findings that FcγRIV expression on macrophages is important for the anti--CTLA-4 plus GM-CSF--mediated depletion of Tregs ([@r5]). Our findings of intratumoral depletion of Tregs in combination therapy agree with recently reported studies showing that the TLR-9 ligand CpG combined with anti--CTLA-4 and anti-OX40 antibodies increased antitumor therapeutic efficacy due to the depletion of tumor-infiltrating Tregs in a lymphoma model ([@r49]). As a result of these studies showing that the antitumor antibodies used in targeting Teff cells may have both direct effects on Teff cells as well as FcγR-mediated depletion of Tregs, there is an increased interest in developing antibodies that can support both modalities.

In our studies, the functional efficacy of TLR1/2 ligand in enhancing anti--CTLA-4 antibody-mediated depletion of regulatory T cells and in increasing IFN-γ secretion from T cells was specific for the tumor microenvironment as we did not see such effects in tumor draining lymph nodes. This could be due to a lower number of macrophages in the draining lymph nodes as well as lack of increase of FcγRIV expression on draining lymph node macrophages in combination treatment, which might be below the threshold need for depletion of Tregs ([*SI Appendix*, Fig. S5*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819004116/-/DCSupplemental)). In addition, it has been shown that TLR1/2 ligand has an antitumor effect in a B16 model, and that this effect is intrinsic to T cells ([@r23], [@r24]). Unlike those findings, we did not find that TLR1/2 ligand by itself had an effect on tumor burden. Moreover, our data from experiments with MyD88^Flox/Flox^ CD4 Cre^+^ mice did not suggest that Pam3CSK4 had a T cell--intrinsic role in the efficacy of the combination treatment. These differences could be attributed to the possibility that TLR1/2 ligand has a reduced T cell--intrinsic effect on the endogenous T cell population but has a more pronounced effect on large numbers of adoptively transferred transgenic antigen-specific T cells, which were used in the above-mentioned studies. The cross talk between TLR receptor and Fc receptor signaling during bacterial infection has been shown earlier ([@r50]), and TLR2 receptor has also been shown to be involved in DC dysfunction by regulating IL-6 and IL-10 receptor signaling ([@r51]). Considering TLR1/2 ligand alone did not have any effect on tumor burden or Treg population when injected alone and also no change in expression of CD80 or CD86 on CD11c^+^ DCs in combination treatment, we can rule out these mechanisms and increased Treg depletion by Pam3CSK4 plus anti--CTLA-4 antibody seems to be the primary mechanism in our model. The differences that we see in Pam3CSK4 effects on DCs in our studies compared with above-mentioned studies could be due to the use of different models; the previous study used GVAX tumor model and also adoptively transferred OT-I--specific CD8 T cells in the B16-Ova model.

In this study, we show that TLRs can modulate the expression of Fcγ receptors on macrophages and increase the antitumor efficacy of anti--CTLA-4 antibody treatment. This increase in antitumor efficacy could be due to an increased antibody binding to the FcγRIV or due to the increase in ADCC activity of macrophages. We did an experiment with the 4F10 clone of anti--CTLA-4 antibody, which is less efficient in binding to murine FcγRIV. This antibody fails to have antitumor effect in combination with TLR1/2 ligand. We also show that FcγRIV is important for the efficacy of combination treatment by using FcγRIV KO mice. Together, these data suggest an importance of binding efficacy of anti--CTLA-4 antibody to FcγRIV for enhanced ADCC of Treg in our model in combination treatment group. It still does not rule out the possibility of enhanced ADCC activity of macrophages due to another mechanism. These findings have major implications for the treatment of patients with poorly immunogenic tumors, which are less responsive or are resistant to checkpoint inhibitors, including ipilimumab. Combining a checkpoint blockade antibody like anti--CTLA-4 with TLR1/2 ligand, which can have an impact on the tumor microenvironment, could change the clinical outcome of such patients.

As stated earlier, despite functional similarities between murine and human FcγRs, these receptors also have some differences. Therefore, our findings in mouse models of cancer in the present study need to be studied for relevance in human cancer patients. In any event, our findings of increase in FcγRIII expression on human CD11b^+^ cells in vitro by Pam3CSK4 stimulation suggested a possibility of potential of increased depletion of Tregs and hence increased efficacy by anti--CTLA-4-plus-Pam3CSK4 therapy in human patients by a mechanism similar to that which we demonstrated. It is important to mention that, while we did not see depletion of regulatory T cells by ipilimumab in patients, that leaves a gap for potential improvement of functioning of ipilimumab by increasing Treg depletion efficacy of ipilimumab. There are efforts underway at several pharmaceutical companies to engineer the Fc region of ipilimumab to enhance FcR binding and consequently increase depletion of Tregs.

Although our studies are limited to only anti--CTLA-4 antibodies, our results suggest a possibility that TLR1/2 ligands could have a positive impact on final outcome if combined with other immunotherapy antibodies such as anti--OX-40, anti-ICOS, or anti-GITR that are also highly expressed on tumor-infiltrating Treg cells. Treg depletion has also been demonstrated with antibodies against some of these receptors ([@r40]). Our findings show that combining TLR1/2 ligand with anti--CTLA-4 antibody is a promising approach to cancer treatment and that TLR1/2 ligand enhances FcγRIV expression, which can be used to modulate the efficacy of other antibody-based immunotherapies.

Materials and Methods {#s10}
=====================

Mice. {#s11}
-----

Six- to 8-wk-old C57BL/6 WT mice and MHC class II KO mice (Δ78) were purchased from The Jackson Laboratory. FcγRIV KO mice were obtained from Dr. J. V. Ravetch (The Rockefeller University, New York, NY). To generate MyD88^Flox/Flox^ CD4 Cre^+^ mice and MyD88^Flox/Flox^ CD11b Cre^+^, we crossbred MyD88^Flox/Flox^ mice with CD4Cre and CD11b Cre mice, respectively ([@r52]). All mice were housed under specific pathogen-free conditions in accordance with institutional guidelines. MD Anderson Cancer Center's Institutional Animal Care and Use Committee approved all animal experiments.

Cell Lines and Reagents. {#s12}
------------------------

The mouse melanoma cell line B16/F10 was obtained from Dr. Isaiah Fidler (MD Anderson Cancer Center, Houston, TX) and maintained as described previously ([@r53]). The pancreatic cancer cell line mT5 was obtained from Dr. David Tuveson (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY) and maintained as described previously ([@r44]). Anti--CTLA-4 antibody (clone 9H10 and clone 4F10) was purchased from BioXCell and administered intraperitoneally. Pam3CSK4, LPS, and HKST were purchased from Invivogen, whereas Flagellin was purchased from Novus Biologicals and injected intratumorally. Ribopure RNA purification kit was purchased from Thermo Fisher Scientific. GentleMACS M tubes were purchased from Miltenyi Biotec. Clodronate liposomes were purchased from [www.clodronateliposomes.org](http://www.clodronateliposomes.org). In vivo depletion antibodies such as anti-CD8 (clone 2.43) and anti-NK1.1 (clone PK136) were purchased from BioXcell. Anti-CD20 antibody (clone 5D2) was a gift from Dr. Andrew C. Chan (Genentech, South San Francisco, CA). The following antibodies were used for flow cytometry analysis of tumors and draining lymph nodes. Anti-CD4 (clone GK1.5), anti-CD8 (clone 53-6.7), anti-CD45.2 (clone 104), anti-F4/80 (clone BM8), anti-FcγRIV (clone 9E9), anti-TNFα (clone MP6 XT22), anti-B220 (clone RA3-6B2), and anti--I-A/I-E (clone M5/114.15.2) were purchased from Biolegend. Anti-CD3 (clone 145-2C11), anti-granzyme B (clone GB11), anti--IFN-γ (clone XMG1.2), and anti-CD64 (clone X54-5/7.1) were purchased from BD Biosciences. Anti-Foxp3 (clone FJK-16s), anti-CD11b (clone M1/70), anti-iNOS (clone CXFNT), anti-hCD11b (clone ICRF44), and anti--GR-1 (clone 1A8) were purchased from eBioscience. Anti-hCD16 antibody was purchased from BD Biosciences.

In Vivo Depletion Assays. {#s13}
-------------------------

Mice were given i.p. injections of CD8 depletion antibody (clone 2.43; initial dose, 500 μg), NK cell depletion antibody (clone PK136; initial dose, 600 μg), and B-cell depletion antibody (anti-CD20; clone 5D2; initial dose, 400 μg) on the day of tumor challenge (day 0); depletion was maintained with injections of the antibodies at half their initial doses on days 3, 6, 9, and 12. For macrophage depletion, clodronate liposomes (200 μL) were injected on the day of tumor challenge and then injected on days 3, 6, 9, and 12. For the immunological memory experiment, anti-CD8 depletion antibody was given at an initial dose of 500 μg 3 days before tumor rechallenge and then given at half its initial dose on days 0 (the day of tumor rechallenge), 3, and 6. Depletion by different antibodies was assessed by analyzing respective cell populations in peripheral blood by flow cytometry 2 days after the last injections and comparing it with untreated control. For this end, peripheral blood was collected from the tail veins of mice from each group. Red blood cells were lysed with RBC lysing buffer (Sigma-Aldrich), and lymphocytes were filtered through cell strainers. Cells were stained with the indicated antibodies and analyzed by flow cytometry.

Tumor Challenge and Treatment. {#s14}
------------------------------

Mice were given intradermal injections of 3 × 10^5^ B16/F10 cells or s.c. injections of 1 × 10^5^ mT5 cells on their right flanks on day 0. Mice were then treated with i.p. injections of anti--CTLA-4 antibody (clone 9H10 or clone 4F10; 100 μg) and intratumoral injections of TLR ligands (Pam3CSK4, 10 μg/ea; Flagellin, 10 μg/ea; LPS, 10 μg/ea) or HKST (10^9^ cells/ea) on days 3, 6, 9, and 12. The anti--CTLA-4 antibody dose was doubled on day 3. For experiments to look at systemic effects of treatment, mice were challenged on both flanks with intradermal injections of 3 × 10^5^ B16/F10 cells, intratumoral injections of Pam3CSK4 or vehicle were given only on the right flank. For rechallenged memory experiments, mice that survived primary B16/F10 challenge and had been earlier treated with combination therapy were rechallenged with 1.5 × 10^6^ B16/F10 cells and left untreated. In experiments in which mice would be killed on day 14, injections of anti--CTLA-4 antibody and TLR ligands were given on days 9 and 12 only. In these experiments, the initial injection of B16/F10 cells was doubled to 6 × 10^5^ cells. These mice were killed on day 14 to obtain tumors and draining lymph nodes or to analyze tumor growth. For the tumor burden or survival experiments, the mice were considered moribund when the tumor grew to 1,000 mm^3^ and humanely killed.

Tumor Processing and Flow Cytometry. {#s15}
------------------------------------

For phenotypic and functional analysis of tumor-infiltrating cells, mice were challenged and treated as described above. Mice from each treatment group were humanely killed on day 14, and their tumors and tumor-draining lymph nodes were isolated. Isolated tumors were weighed, mechanically dissected, and then digested with Dnase I and Liberase TL (Roche) at 37 °C for 30 min and then filtered through 70-μm nylon cell strainer. Lymph nodes were mechanically dissected through a 70-μm nylon cell strainer and washed. These cells were stained with Live/Dead fixable blue (Life Technologies) to exclude dead cells from analysis before staining with cell surface antibodies. These cells were further fixed and permeablized with FoxP3 Fix/Perm buffer kit from eBioscience according to the manufacturer's instructions and then stained with intracellular antibodies for further analysis by flow cytometry. For quantification, the absolute numbers of different cell types per gram of tumor were measured using CountBright Absolute Counting Beads (Life Technologies), which were added to each tumor specimen just before flow-cytometric analysis. For functional analysis, tumor-infiltrating T cells were restimulated with either 5 × 10^4^ DCs loaded with B16 lysate or leukocyte activation mixture with Golgi-Plug (BD Biosciences) for 4 h at 37 °C before staining with cell surface and intracellular antibodies as described above. Data were acquired on BD LSR II cytometer and analyzed by FlowJo Software.

RNA Extraction from Tumors and Nanostring Analysis. {#s16}
---------------------------------------------------

Mice were challenged and treated as described above and humanely killed on day 14 to isolate tumors. Isolated tumors were dissociated in the presence of TRIzol reagent in GentleMACS M tubes by using the GentleMACS Dissociators. RNA was further extracted from dissociated tissue using RiboPure RNA purification kit by following the kit manufacturer's protocol. RNA purity was assessed on the ND-Nanodrop1000 spectrometer (Thermo Fisher Scientific). For Nanostring Assay, 100 ng of RNA was used to detect immune gene expression using nCounter Immunology panel. Counts of the reporter probes were tabulated for each sample by the nCounter Digital Analyzer and raw data output was imported into nSolver data analysis package (<https://www.nanostring.com/products/analysis-software/nsolver>) to assess the quality of data and to perform the differential expression analysis. Volcano plot was made in GraphPad Prism 7.0 software.

Statistical Analysis. {#s17}
---------------------

Data were analyzed with the GraphPad Prism 7.0 software program. Student's *t* test was used to assess differences between two groups for statistical significance. The Kaplan--Meier method was used to analyze survival data, and the log-rank (Mantel--Cox) test was used to assess differences in survival between different groups for statistical significance. Values of *P* \< 0.05 were considered statistically significant.
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